In this paper, we report the results of a transmission electron microscopy investigation on WC-6 wt% ZrO 2 nanocomposite, spark plasma sintered at 1300°C, for varying times of up to 20 min. The primary aim of this work was to understand the evolution of microstructure during such a sintering process. The investigation revealed the presence of nanocrystalline ZrO 2 particles (30-50 nm) entrapped within submicron WC grains. In addition, relatively coarser ZrO 2 (60-100 nm) particles were observed to be either attached to WC grain boundaries or located at WC triple grain junctions. The evidence of the presence of a small amount of W 2 C, supposed to have been formed due to sintering reaction between WC and ZrO 2 , is presented here. Detailed structural investigation indicated that ZrO 2 in the spark plasma sintered nanocomposite adopted an orthorhombic crystal structure, and the possible reasons for o-ZrO 2 formation are explained. The increase in kinetics of densification due to the addition of ZrO 2 is believed to be caused by the enhanced diffusion kinetics in the presence of nonstoichiometric nanocrystalline ZrO 2 .
I. INTRODUCTION
The potential of nanostructured materials-in particular ceramic nanocomposites-to realize improved as well as novel properties with respect to the conventional materials has inspired significant research activities on the synthesis of nanoceramic composites in technologically important ceramic systems. [1] [2] [3] [4] [5] [6] [7] [8] These nanocomposites can be broadly classified into two categories 9 : (i) nanocomposites, fabricated by dispersion of nanosized particles within micron-sized matrix grains or at the grain boundaries of the matrix, and (ii) nano/nanocomposites, in which matrix grains are also on the nano-sized scale.
A major difficulty for the synthesis of nanocomposites is the grain growth during sintering. The adoption of "activated sintering," which involves a combination of much lower sintering temperature and shorter sintering time, has been reported to be successful in synthesizing nanocomposites. [10] [11] [12] [13] [14] [15] In particular, the advent of fieldactivated sintering techniques (FAST) has enabled the fabrication of ceramic nanocomposites. This technique involves the application of pulsed electrical field in combination with resistance heating and pressure to achieve high heating rates and fast sintering of powders (with minimum grain coarsening). Electric field during sintering produces electric discharges and possibly plasma at the void spaces between powder particles. 16, 17 A considerable amount of research has been directed toward the development of ceramic nanocomposites using the spark plasma sintering (SPS) technique, a variant of FAST techniques. [10] [11] [12] [13] [14] [15] In our recent research efforts to develop nanocomposites, WC-based ceramic composites using ZrO 2 sinteradditive were developed using the SPS technique. It was observed that pressureless sintering at 1700°C for 1 h or SPS at 1300°C for 5 min can yield near theoretical densification in the WC-6 wt% ZrO 2 materials. 1, 18 The mechanical 1, 18 and tribological properties 19 of these newly developed ceramic composites and nanocomposites have been investigated. The experimental measurements have indicated that a combination of high hardness (up to 24 GPa) and moderate fracture toughness (∼5 MPa m 1/2 ) is obtainable in spark sintered WC-6 wt% ZrO 2 .
1 Additionally, high wear resistance (wear rate ∼10 −8 mm against bearing steel has also been measured for the spark sintered composites. 19 The present paper reports detailed transmission electron microscope (TEM) characterization of WC-6 wt% ZrO 2 composite to present the microstructural evolution and analyze the stabilization of ZrO 2 as well as the formation or absence of any reaction product. On the basis of these results, we shall aim at developing insights into the process of densification and the microstructural evolution during the sintering process.
II. EXPERIMENTAL PROCEDURE

A. Processing
Commercial purity WC powder (average particle size 0.2 m, H.C. Starck, Germany) was used for the matrix in the composites. The average particle size of the starting zirconia powders (Tosoh grade, Tosoh corporation, Tokyo, Japan) was 27 nm, and the major impurities included Al 2 O 3 (<0.005 wt%) and SiO 2 (0.007 wt%). The starting powders of 50-75 g, with a WC:ZrO 2 weight ratio of 94:6, were mixed for 24 h in 1 l n-propanol in a polyethylene bottle. To break the agglomerates, WC balls were used during the mixing process. After mixing, the propanol was removed by means of a rotating evaporator. The dried powder mixture was placed into a cylindrical graphite die 10 mm in diameter. During the SPS experiments, the graphite die-punch assembly was placed inside the SPS chamber (Eltech Co., Ulsan, Korea) between two graphite electrodes. The sintering experiments were carried out under a vacuum of 50-60 mTorr at different temperatures in the range of 1200-1400°C under a pressure of 30 MPa. A high current on the order of 1-1.2 kA was passed between the graphite electrodes. The desired sintering temperature was reached within 2 min of processing time. This resulted in a high heating rate on the order of 600 K/min. The process was terminated, and the pressure was released after it was held at the sintering temperature for times varying in the range of 2-20 min.
B. Characterization
The densities of all the specimens, prepared by varying the holding time, were measured using distilled water as the medium, according to the Archimedes method. To identify different phases, x-ray diffraction (XRD) patterns were obtained using an x-ray diffractometer (JEOL JDX 8030) with Cu K ␣ radiation ( ‫ס‬ 0.154 nm). In general, XRD data were collected at a scan rate of 1°/min. For more critical analysis of ZrO 2 structure, additional data were obtained at a slower scan rate of 0.1°/min in the 2 range of 47-51°. Detailed microstructural analysis of the samples, prepared at the different sintering conditions (SPS at 1300°C for 5 and 20 min), was performed using TEM (JEOL 2000 FXII operated at 200 kV and Technai G 2 operated at 300 kV). Energy dispersive (EDS) spectra were also obtained from selected areas during observation in TEM. Electron transparent thin foils for TEM observation were prepared by the standard preparation technique, which includes cutting of 3-mm disks, grinding, dimpling, and subsequent ion-milling using argon gas ions at 5 kV at an angle of 15°until perforation occurred.
III. RESULTS
A. Phase assemblage identification by XRD
XRD investigation of starting powder and spark plasma sintered samples for different sintering times [see Fig. 1(a) ] indicated the presence of ZrO 2 and hexagonal WC (a ‫ס‬ 0.291, c ‫ס‬ 0.284 nm) as major phases in all the spark plasma sintered samples. The presence of hexagonal ␣-W 2 C (a ‫ס‬ 0.519 nm and c ‫ס‬ 0.472 nm) was detected in samples sintered for 5 min or more. ZrO 2 peaks in the diffraction patterns could be consistently indexed using orthorhombic (o-ZrO 2 ) structure (a ‫ס‬ 0.5068 nm, b ‫ס‬ 0.526 nm, and c ‫ס‬ 0.5077 nm) with space group Pbc2 1 . The structure of o-ZrO 2 is closely related to the crystal structure of tetragonal zirconia (t-ZrO 2 ) 20 and is thus difficult to distinguish. 21 To clarify the structure of ZrO 2 in the spark plasma sintered composite (1300°C, 5 min), XRD patterns were recorded at a slower scan rate (0.1°/min) in the 2 range of 47°to 51°, where {220} type peaks of ZrO 2 appeared [ Fig. 1(b) ]. The XRD pattern, obtained from starting powder (not shown here), showed the presence of (220) and (202) peaks, indicating tetragonal structure of ZrO 2 in the starting powder. However, XRD patterns, recorded from spark plasma sintered samples, revealed that the {220} peak of ZrO 2 split into three characteristic and distinguishable peaks, which could be indexed as (022), (220), and (202) peaks. The presence of the extra peak (022) (compared with the XRD pattern of starting powder) indicated that ZrO 2 in the spark plasma sintered sample adopted the orthorhombic structure. The black lines in Fig. 1(b) However, Marshall et al. 22 reported that the t-ZrO 2 to o-ZrO 2 transformation occurs throughout the bulk of the specimen using the neutron diffraction technique. More definitive proof of the presence of o-ZrO 2 is presented in Sec. III. C.
Additionally, a detectable amount of W 2 C was observed to form when spark sintering was carried out for 5 min or more [ Fig. 1(a) ]. Because only WC and ZrO 2 were detected in the starting powders [ Fig. 1(a) ], the W 2 C formation must have been the result of sintering reaction between WC and ZrO 2 . The possible reaction pathway for W 2 C formation will be discussed in Sec. IV.
B. Densification
In Table I , the sintering conditions as well as the sinter densities (also percent densification) of spark plasma sintered WC-based nanocomposites are presented. It must be mentioned here that the theoretical densities of the WC-6 wt% ZrO 2 composites (SPS; 2, 5, 20 min) were calculated according to rule of mixture, assuming theoretical densities of 15.3, 17.2, and 6.2 gm/cc for WC, W 2 C, and ZrO 2 , respectively. The estimation of the amounts of W 2 C (vol%), after spark sintering for the different holding periods (2-20 min), was made by measuring the areas under the characteristic XRD peaks of W 2 C (see Sec. III. A) and subsequently dividing them by the area under all the x-ray peaks.
The density data revealed that near-theoretical densification (over 99% theoretical density) can be achieved for the WC-6 wt% ZrO 2 (3Y) nanocomposites via spark sintering at a relatively lower temperature of 1300°C with holding times of 5 min or higher. As a reference, the literature data for binderless WC 20 are also included in Table I . It should be noted that incorporation of nanocrystalline ZrO 2 significantly reduces the sintering temperature required for achieving near-theoretical densification of WC from 1700°C (binderless WC 20 ) to 1300°C (WC-6 wt% ZrO 2 ) when WC is sintered via the same consolidation technique. Because Co has been widely used as a binder phase in densifying WC-Co cemented carbides, additional SPS experiments were carried out on WC-6 wt% Co cemented carbides, 1 and the density data from these samples are also presented in Table I for comparison. Additionally, the density data of WC-6 wt% ZrO 2 composites processed by pressureless sintering, as reported in one of our recent papers, 18 are included in Table I .
Critical inspection of the data presented in Table I reveal that WC can be sintered using ZrO 2 as an additive at a temperature (1300°C) lower than that required when Co is used as the binder (1400°C) in the SPS route. Therefore, ZrO 2 , as an alternative to Co binder, can be effectively used as a sinter-additive for achieving better densification of WC composites. The effectiveness of SPS over pressureless sintering can be illustrated from the fact that full densification of the same composite composition (WC-6 wt% ZrO 2 ) via spark plasma sintering takes place at a temperature 400°C lower than that required for pressureless sintering (1700°C). In addition to a lower sintering temperature, holding time of only 5 min is required for SPS, in contrast to the time of 1 h needed for pressureless sintering, which further elucidates the occurrence of rapid densification via the SPS route.
It can be noted that densification of binderless WC, which was not feasible by conventional sintering techniques, can be achieved via the SPS route. 23, 24 The data in Table I illustrate that the use of ZrO 2 as a sintering additive results in significant lowering of spark sintering temperature for full densification of WC. The possible reasons for significant enhancement of densification on incorporation of ZrO 2 will be discussed in Sec. IV. Fig. 2(c) . In contrast, much finer ZrO 2 particles (∼30 nm) were found inside WC grains, as shown in Fig. 2(d) . Considering the average grain sizes of the starting powders, 27 nm for ZrO 2 and 0.2 m for WC, the above observations certainly indicate that limited grain growth occurred during spark sintering and thus resulted in the development of a nanocomposite microstructure.
To confirm the crystal structure of ZrO 2 , a number of microdiffraction patterns were acquired and analyzed. An example of such analysis is shown in Fig. 3 .
The microdiffraction patterns can be consistently indexed in terms of orthorhombic ZrO 2 (a ‫ס‬ 0.5068 nm, b ‫ס‬ 0.526 nm, and c ‫ס‬ 0.5077 nm). Low-intensity {100} and {112} diffraction spots of the orthorhombic phase are also observable. It is important to note that these reflections are forbidden in the tetragonal lattice and that monoclinic (m-ZrO 2 ) phase does not have reflections, corresponding to these interplanar spacing. 25 Additionally, the observations presented here were in good agreement with o-ZrO 2 structure, as reported by Kisi et al. 25 and Guinebretiere et al. 26 These observations, in combination with XRD results, reconfirmed the presence of o-ZrO 2 in the spark plasma sintered WC-ZrO 2 nanocomposite. On closer observation [ Fig. 4(a) ], defect substructure was detected close to the WC/ZrO 2 interfaces or in the WC grains containing the nanocrystalline ZrO 2 particles. A very common characteristic of WC grains in the sample spark plasma sintered for 5 min was the presence of a large number of small angle boundaries. Figure 4(b) is a bright-field image, revealing a number of WC grains containing low angle boundaries (some of the grains marked as WC). The dark-field image (as shown in the inset) obtained using the (1010) reflection of WC highlights one such boundary. The observation of defect substructure can be explained on the basis of residual stress. The coefficient of thermal expansion mismatch between WC and ZrO 2 (␣ TZP ‫ס‬ 11 × 10 −6 K −1 and ␣ WC ‫ס‬ 5.2 × 10 −6 K −1 ) can lead to an appreciable level of residual stresses during cooling from the sintering temperature. 27 To accommodate the residual stresses, i.e., to release the residual strain, defect substructures are therefore expected to form within the WC grains near the WC/ZrO 2 interfaces. Figure 5 shows a high-resolution image of two WC grains and the interface between them. The presence of atomically smooth grain boundary is an indication of good grain-to-grain bonding in spark sintered WC nanocomposites. This may be ascribed to the use of highpurity ceramic powders, the cleaning effect of electric discharge on the WC particle surface, and the thermal and electrical breakdown of insulating films on ceramic particles, which are inherent in SPS. 16 The formation of ␣-W 2 C was observed during TEM investigation for samples spark plasma sintered for 5 and 20 min. A typical bright-field image, depicting the presence of ␣-W 2 C is shown in Fig. 6(a) . Most of the observable ␣-W 2 C grains were detected to be present between the o-ZrO 2 and WC grains. The microdiffraction pattern [ Fig. 6(b) ] obtained from such grains can be indexed using characteristic reflections of ␣-W 2 C.
A representative bright-field micrograph of the composite, densified with a holding time of 20 min is shown in Fig. 7 . Most of the WC grain sizes were around 0.4-0.5 m. This observation indicated that the grain growth was restricted even on sintering for 20 min via the SPS process. This is in contrast to Omori, 24 who observed abnormal grain growth (about 1 mm grain size) of binderless WC on holding for just over 1 min, albeit at a much higher spark sintering temperature of 1900°C. Observation of our spark sintered WC-ZrO 2 nanocomposite samples also showed that abnormal grain growth of WC was restricted considerably in contrast to the observation (on binderless WC) of Cha et al. 23 Therefore, ZrO 2 particles, located at the grain boundaries and triple junctions of WC grains, are effective in inhibiting grain growth, even after longer holding times. The WC grains in this sample contained a large number of planar defects, such as stacking faults and twins. The inset of Fig. 7 shows such a WC grain with defect structure (some of these marked by white arrows). Additionally, the formation of ␣-W 2 C at the boundary between WC and ZrO 2 was also observed in this sample.
IV. DISCUSSION
The results obtained in this investigation indicate that nanocrystalline ZrO 2 is an effective sinter-additive in producing dense WC-ZrO 2 nanocomposite by the SPS technique. We will first discuss the evolution of the microstructure, which will allow us to develop insight into the sintering process. ZrO 2 particles are mainly located at the grain boundaries and triple junctions of WC grains.
No agglomeration of ZrO 2 particles has been observed; rather ZrO 2 particles are uniformly dispersed throughout the matrix. Both WC and ZrO 2 grains retain their fine size even after 20 min of spark sintering, indicating the fact that nano-sized ZrO 2 effectively inhibit the WC grain growth. This effect is similar to the results obtained for ZrO 2 -WC composite, where WC is present only in a small amount. 28 Observations of ZrO 2 in the grain interior and triple points of WC indicate considerable interaction during the sintering process between ZrO 2 and WC particles. The presence of W 2 C near the ZrO 2 -WC interface has been conclusively established through TEM analysis. However, no evidence of elemental W could be found. The presence of elemental W was detected in earlier studies on a similar system. 27, 28 In the present work, the development of such finescaled microstructure in the WC-ZrO 2 nanocomposite can also be attributed to the high heating rate (600°C/min) and lower sintering temperature (1300°C). Because of the high heating rate, the final sintering temperature can be reached in less time. This implies that nondensifying mechanisms (such as surface diffusion), which are active at low temperature regime, can be suppressed. A direct consequence of this is the suppression of grain precoarsening before the final stage of sintering.
One of the important results of the structural characterization is the establishment of the presence of orthorhombic ZrO 2 phase with the lattice parameters of a ‫ס‬ 0.5068 nm, b ‫ס‬ 0.526 nm, and c ‫ס‬ 0.5077 nm. The evidence of the presence of this phase exists in both the XRD patterns and electron diffraction patterns. The formation and crystal structure of o-ZrO 2 have been extensively studied in the literature. 20, 21 This phase has been reported to form by quenching from high temperature (400 to 600°C) and pressure (>3 to 4 GPa). 20, 21 The t-ZrO 2 to o-ZrO 2 transformation also occurs below −100°C during cooling from high temperature. 21 Once formed, the o-ZrO 2 phase has metastable existence at higher temperature (up to 400°C). Heating to 400°C causes the reverse transformation of the orthorhombic to tetragonal structure. 21 The orthorhombic phase of ZrO 2 has been observed by TEM in thin foils of several transformation toughened ZrO 2 ceramics. 29 Because the starting powder contains only tetragonal ZrO 2 , the evidence (XRD result) of orthorhombic ZrO 2 in as-sintered samples is related to the SPS process. It must be determined whether transformation is complete during the process of sintering or both the polymorphs coexist in spark plasma sintered samples. The XRD patterns, obtained from samples spark sintered for 5 and 20 min, allow for a qualitative estimate of whether the t-ZrO 2 to o-ZrO 2 is complete or o-ZrO 2 and t-ZrO 2 coexist. This has been carried out by comparing the intensities of (022), (220), and (202) peaks of o-ZrO 2 with that of t-ZrO 2 . 21 The observed intensity ratio of I O 220 :I T 220 , in the present investigation, suggests that the latter is also present in the spark plasma sintered samples. It must be noted here there is no evidence that the spark plasma process yields large pressure at high temperature, which can explain t-ZrO 2 to o-ZrO 2 transformation. Furthermore, the transformation at subzero temperature is ruled out in the present case as the samples have not experienced temperature lower than room temperature. Thus, the origin of o-ZrO 2 phase needs to be explained in terms of the constraining effect of the matrix as well as small size (nanocrystalline) of the ZrO 2 particles. If one considers the surrounding WC matrix as a rigid wall, the pressure that develops in ZrO 2 grains (during the high temperature exposure) due to mismatch of linear thermal expansion coefficient can be estimated using the following expression 30 :
where ␣ is the linear thermal expansion coefficients, ⌬T is the temperature difference, WC is the shear modulus of WC, and K ZrO 2 is the bulk modulus of ZrO 2 .
The parameters used in the calculation are shown in Table II . The calculated pressure is found to be 2.55 GPa, which is somewhat less than that reported to be necessary (3-4 GPa) for the t-to o-ZrO 2 transformation. 20, 21 Additionally, the presence of the high pressure modification of ZrO 2 can also be partly explained on the basis of Gibbs-Thomson (GT) effect. According to GT effect, a hydrostatic pressure (⌬p) develops inside a particle/ crystallite, which is related to the surface energy (␥) and particle/crystallite diameter (d):
Considering the small (nanocrystalline) size, it is quite obvious that such an effect contributes considerably to the net pressure developed within the ZrO 2 particles. Furthermore, the surface energy term can be of higher magnitude for nano-sized particles, as compared to that normally assumed for a flat surface, which would result in further impetus to the developed internal pressure. 31 It must be mentioned here that in an earlier study, stabilization of high-pressure modification phase (monoclinic) in nanocrystalline yttria has also been attributed to the aforementioned GT effect. 31, 32 Therefore, we believe that the synergistic effects of the constraining pressure (due to coefficient of thermal expansion mismatch with WC) and nanocrystallinity of 34 Regarding the formation of W 2 C, our observations of the presence of W 2 C between the WC and ZrO 2 grains [ Fig. 6(a) ] suggest the occurrence of a possible reaction between WC and ZrO 2 at the interface 27 :
where x is the oxygen vacancy concentration in the ZrO 2 as a result of the dopant concentration, and y is the additional vacancy concentration created in the ZrO 2 due to reaction with WC.
On the basis of the microstructural observations, it is possible to develop insight into the mechanism of sintering and the role of ZrO 2 in achieving high sinter density of WC at significantly lower temperature. As has been reported earlier, 23, 24 the densification of binderless WC over 98% th requires a substantially higher temperature of 1700°C in spark plasma sintering route. Thus, the presence of ZrO 2 clearly plays a dominant role during spark plasma sintering of the nanocomposites at 1300°C. This can be correlated with the occurrence of reaction between WC and ZrO 2 [Eq. (3)]. Such a reaction creates (i) additional oxygen vacancies and (ii) formation of a layer of W 2 C. The availability of additional oxygen vacancies results in enhanced non-stoichiometry of the ZrO 2 phase. This may enhance the diffusivity to a certain extent, resulting in faster mass transport and hence increased sintering kinetics.
Following critical observations of TEM images (see Fig. 2 ), another plausible reason for the enhancement of densification rate of WC in the presence of ZrO 2 can be put forward. A significant fraction of the nanocrystalline ZrO 2 particles is found to be present along the WC grain boundaries. These intergranular zirconia particles can potentially restrict the matrix grain boundary mobility during sintering. Such a pinning effect due to ZrO 2 particles can prevent considerable grain growth of the WC during spark sintering at 1300°C.
It has also been reported by Cha et al. 23 that the presence of carbon enhances abnormal grain growth in binderless WC by the SPS process. The addition of carbon increases the driving force for grain growth. We believe that the formation of W 2 C, during spark sintering of our WC-ZrO 2 nanocomposite leads to a depletion of carbon content in the neighboring WC grains. This suggests that W 2 C formation contributes toward a decrease in boundary mobility and thereby hindering the grain growth of WC. The relative absence of grain growth can also be confirmed from finer size distribution of WC grains [see Fig. 2(a) ]. The retention of finer crystallite size of matrix WC would lead to an enhancement of sintering kinetics due to augmentation of the sintering driving force. It can be recalled here that the sintering time follows a direct power law relationship with particle size (Herring's scaling law). Earlier research also demonstrated the lowering of sintering temperature for finer WC particles. 35 Therefore, based on the established sintering theory, it can be expected that finer particle assembly would densify faster at lower temperature.
The influence of ZrO 2 in enhancing sintering kinetics can also be related to size effect. The dispersed nanosized ZrO 2 possess higher specific surface area. This, in turn, results in increased volume fraction of the interfacial area. Because grain boundaries provide faster diffusion paths, the accretion of grain boundary area can lead to faster mass transport. Such an effect of nano-sized dispersoids in lowering sintering temperature has also been reported in a recent research publication. 36 During SPS, the conduction of electrical current through a collection of powder is governed by a phenomenon known as constriction resistance when there is a small contact area compared to the dimensions of the powder particles. The nanocrystalline ZrO 2 particles give rise to higher "constriction resistance" (R c ) due to their ultrafine size, leading to smaller particle-to-particle contact area and higher resistivity, according to the equation 37 :
where a is the linear dimension of the interparticle contact, is the resistivity of the powder, l is the nearest distance between the contacts, and f s is a shape factor. Therefore, voltage drop takes place over a small distance around the contact area of the nanoparticles, and a localized area of high resistance is formed with a very high joule heating. This leads to local increase in temperature. It is to be noted that the volume fraction of ZrO 2 is ∼14% and that the ZrO 2 particles are well dispersed in the WC matrix [ Fig. 2(a) ]. The presence of this considerable amount of zirconia can effectively result in a local increase in temperature around a number of WC/ZrO 2 interfaces. From the fundamental sintering theory, the higher the temperature in the neck region is, the faster the mass transport will be. Such a phenomenon leads to an enhancement of mass flow rate with concomitant augmentation of necking and hence resultant sintering kinetics. We note that no evidence of any residue of sintering liquid could be found from the microstructural analysis. This confirms that the use of ZrO 2 sinter-additive results in solid-state sintering of the WC matrix. This is in contrast to liquid phase sintering, which enhances densification of WC-Co cermets. Our results indicate that the SPS process enables the full densification of WC-Co at temperatures about 100°C lower than the pressureless sintering temperature whereas WC-ZrO 2 can be densified to near theoretical density at a temperature 400°C lower than that under pressureless sintering conditions.
V. CONCLUSIONS
In the present work, we investigated the processing and microstructural development in WC-ZrO 2 nanocomposites, sintered via SPS. Based on the analysis of the obtained experimental results, the following major conclusions can be made.
(1) WC-6 wt% ZrO 2 nanocomposites with neartheoretical density can be obtained via the spark sintering route at a relatively lower sintering temperature of 1300°C and little holding time of 5 min. Such results prove the superiority of SPS in achieving faster densification of WC-ZrO 2 composites, compared to the pressureless sintering route (1700°C, 1 h) . The presence of non-stoichiometric nanocrystalline ZrO 2 , resulting in faster mass transport, was identified as one of the reasons for enhanced densification in the presence of ZrO 2 .
(2) As indicated by XRD results, detectable amounts of W 2 C form during SPS with holding times of 5 min or more. W 2 C formation occurred during sintering as a result of the sintering reaction between WC and ZrO 2 .
(3) TEM analysis revealed the dispersion of nanosized ZrO 2 particles, present at the WC grain boundaries, grain boundary triple points, and also within the grains. The ZrO 2 present within the WC grains was relatively finer in size (30-50 nm) than the intergranular particles (60-100 nm). Such characteristic presence of nano-sized ZrO 2 reinforcements enabled the developed composite to be called "inter/intragranular ceramic nanocomposites." (4) An interesting observation was the presence of ZrO 2 in its orthorhombic crystal structure. The evidence for this is recorded in both sintered sample (XRD result) as well as on thin foil (TEM analysis) of the spark plasma sintered nanocomposite. The large residual stress, induced by thermal expansion anisotropy, generated during high temperature exposure of the WC-ZrO 2 nanocomposites, coupled with nano-size effects, appears to have caused the t-ZrO 2 to o-ZrO 2 transformation during spark sintering.
